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ABSTRACT

The time and height variations of temperature, wind speed, and moisture contcnt observed at the Cedar
Hill tower during the dissipation of a low-level jet on the morning of 14 May 1962 are presented and dis-
cussed. Three distinct stages of significant variations occur before sunrise at the upper levels of the tower.
The three stages are: 1; a period of an abrupt and simultaneous warming and drying; 2) a period of steady
temperature, mixing ratio, and wind speed; and 3) a period of pronounced decreases in temperature and
wind speed and a marked increase in mixing ratio that occur progressively later with increasing height. It
is proposed that these variationb are produced by horizontal and vertical advection and by turbulent nixing.

1. Introduction the period of interest and will propose explanations

During the month of May 1962, the University of for the phenomera.
Chicago supplemented the basic instrumentation cap-
able of measuring temperature and wind at 12 levels 2. Synoptic situation
from 30 to 1420 ft on the Cedar Hill tower near Dallas, The U. S. Weather Bureau's Daily Weather Map for
Texas, with six hygrothermographs at various levels. 0000 CST, 14 May 1962 reproduced in Fig. I is repre-
In addition, the University of Chicago maintained a sentative of the surface flow pattern for the night of
small-scale triangular surface network surrounding the 13-14 May. A stationary front extends ,outh southwest
Cedar Hill tower on sites established by Texas A&M from the northwestern edge of Kansas across the south-
University (see Clayton, 1963), thus complementing eastern corner of Colorado into New Mexico and marks
the tower's vertical measuring capabilities with hori- the boundary between the strong southerly flow of
zontal measuring capability, moist mT air to the east and dry cT air to the west.

Brown (1962) provided a comprehensive description The sky cover observations from the stations in the
of the field operation at and near the tower site con- Forth Worth-Dallas area near the Cedar Hill tower
ducted by the University of Chicago under the sponsor- show scattered high clouds changing to clear skies dur-
ship of the U. S. Army Electronics Research and De- ing the period of interest.
velopment Laboratory. The University of Texas oper- The synoptic situation depicted is conducive to the
ated the Cedar Hill tower meteorologital system under development of a nocturnal low-level jet in the south
contract with the Air Force Cambridge Research cefitral region of the United States. The wind field
Laboratories and a detailed account of the system during the night shows an intense low-level ;et stream
has been given by Gerhardt el al. (1962). developing in this region. At 0000 CST, a maximum

In a previous report, lzumi (1964) discussed a warm- wind speed of 76 mph is recorded at 5000 ft above mean
ing phenomenon that occurred before and immediately sea level in the core of the jet stream centered near
after sunrise, followed by a marked cooling and pro- Oklahoma City.
nounced reduction of wind speed at the upper levels
of the Cedar Hill tower. Similar cases of early morning 3. Cedar Hl tower data
warming were recorded by the tower system during the
first half of May 1962; of these the case of 14 May was The Cedar Hill tower temperature and wind data
most distinctive, in that the complete sequence of presented here are based on continuous 10-min average
upper-level warming and ensuing cooling and reduction readings. The humidity data were obtained from the
of wind speed occurred before sunrise. hygrothermograph traces at 10-min intervals and are

The purpose of this paper is to describe the sequence presented in the form of mixing ratios computed in the
of events that occurred before sunrise in the morning manner described by Brown (1962). The temperatures
of 14 May 1962. This paper examines in detail the are in degrees Fahrenheit, the wind speed in miles per
tower temperature, humidity, and wind data during hour, and the mixing ratios in grams of water vapor
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per K iora of (Irv air, Central Standard Time is 1050 ft, and 0340 at the top three levels. The rate of
used throughout the discwi~sion and the time of sunrise cooling increases with height and the maximuni cooling
or. 14 NMav is eqtiniated to b)e 0529. No tower tempera- for a 10-min period is 5.8F at 1300 ft between 0340 and
ture 4111d wind data ..-reavailhble for the 10)-mmn periods 0350. Thie decrease in temperature stops at atbout 04 10

LiOKnn 40, 00 tt S0 because these periods and the minimum temperature at all levels above 600, ft
v-cre devoted to talibration of !lhe zower data acquisi- is attained at this time, which is 1 hr 20 min before
tion and prcsigsysteni, sunrise.

TIhe v ~riation of temperaturc v-ith time at theý 12 Fig. 3 -shows the variation of wind speed with time
levelIs (in lhe t-.Ower from 22 00O, 13 MýNay through 100o). at the 12 levels on the tower for the comparable period
14 MNay is prt.s-nte-d in Ni-. 2.. At Mitt1, the heretofore as on the previous figue A o- evljtwchdel
alinosi steady oolinu at all the tow.ýer levvls ii; inter- oped during the night reaches ;its maximium intensity
rupted by an) abrupt xVId -imultancou se ri 11 if tujera-- of over 50) miph -it 1300 ft by 2300. Thereafter d ie wvindfs
lure at and ,il,-_,ve the 900-ft level. T'he iipw._,rd uJtien uf at Ail levels exhib-t greater variability with time #than
temr,crature Iastý for onl\- a s;hort durnttion rid AuWhile the temperature; howtver, the over-all wind pattern
f&J'i1iowd by a period of rather erratic temiperature for the upper levels oif the tower showiffeaturts generallv
behavior at the 9(K)-ft ha ci, all levelz abo e !X)0 ft simillar to the temperature pattern. A perceptible in-
revei a ling period of almiost steady tc-z per.,tutre, TPitt crease in wind speed occurs at almost all thte levels above
stt.ldv period is then followed byl~ tempi-r 'ure delcrease 75SO ft between 0050 and 01210and this time Corresponds
of varyintz rate at all leveis -an ext reiniel rapid i-ate of to the brief period of temperature ri-se noted )it thesee
dlecrease at the upper luvels, a si-gnificanti raipid rate of levels5. At levelssabove Wk)I ft the wind speed then stvad-
decre;-.Se discernible at 750 fl, and a cortinued graluald i-s and this steady period coincides with the long period
cooling- at the lower 1cvds.'l'1ht begin, ingof miarked tint- of AlmoAz~ steadyx temper~ature. The sabsequent -najor

pertu~ dereaes ccr a 020 a 75 a~d 00 t, 310atwind speed decrease at and above 7150 ft occur,, later
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n 300O 02 030 5of r0 st the temperature rise. The marked increase in mixing
ratio which starts at 0230 for 750 ft, 0320 for 1050 ft,

=J and 0340 for 1420 ft is almost simultaneous with the
sudden decrease of temperature and wind speed at

I these levels. As with the temperature and wind speed
"%t at 1W5 and 1420 ft, the mixing ratio remains almost

contan beween the time of extreme changes in its
values.

Si, depicts the evolution of the vertical profiles
* of mixing ratio (left), temperature (middle), and wind

speed (right) luring the period of interest between
7'~-q lt 0050- afl(t 0400. The first set of profiles (Figs. Sa, b and

- I c) presented at 20-min intervals- illustrates the changws
"T~%.iJ5Of7'occurring (luring the period of upper-levc! warming and

I I '<A drying discussed previously. I he temiperature profile
at 0050 (Fig,. Sb) shows a slight increase of temperature

01ý iswith height up to 600 ft. Actually, the d! ta show two

rr 450 and 6WX ft. 'The subsequent profiles indlicate warm-
%Ui-aov n relatively small rate of cooling below

750 ft. Beteen005 and 010the warmiing in reaseS
-. 0 4 wih heghtwhile between 0110 and 0130 it decreases

41 1 y CA 0
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22 ! -iltoefom200 Z)T, o? M0y t40 1 06 W 07 T 14J Ma .

the. major aratono temperature erae ateaho the 1 levels. of the>~
Cn conjunc tionwith them cha0ge inT the wind spoe the CST, 14n May

vaiathionofwind directiond ishalowed simlmotaneu sitead 7
wind directionpduringrthiscrerio at tahe middle levels. " '~.*

of the tower between 600 and 900 ft, while the wind -Al*:A.~ ~
veered slgtyand steadily at the upper levels of the
tower.

'The variation of mixing ratio with time accompanv% -3X~
ing the changes in temperature and u ind speed is
presented in Fig. 4. '1 he mixing ratios --re based not on-
10-mmn averaged data but on instantaneous data re- rA : A i v

duced from the hygrothermograph charts. The notable 3

feature-- -ire the abrupt and marked de rease of mixing '-t.
ratio to an almost constant value and the abrupt anAl ~
marked increase that follows later at the levels of 1050
and 1420 ft. A small decrease and subsequent increase 13m~ 1962 Atv~ icsv 14 MA r ;9e;,,0
in mixing ratio are also noted at 750 ft. With the excep- 11,G. 3. Time variation of windf ;Iwd at the 12 levels of thec
tion of 750 ft, the time of occurrtencte of decrease in C ear Hill tower from 2200 csT' -13 May to 100N) CST. 14 b
mixing ratio corresponds to the time of occurrence of 1962.
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S23 _0 1 0 03 04 05 0, 07 go_ 09 remains subadiabatic. By 0410 (not shown) no trace of
*.... . -- --;......-. .......... the inversion is found within the heights of the tower.

The wind speed profiles (Fig. 5i) show no change below.. ..... ¢7i Z, 450 ft, but a decrease in the wind speed starts at the

" • --- : levels between 600 and 900 ft and proceeds upward
1420 F r . . . ..... .... together with the rise of the temperature inversion.

The level of maximum wind speed is seen to rise with
,o .- "-4.- x* '!"'J-- . . : the top of the rising inversion.

.... Further analysis of the tower temperature data
/60 F "------ ..... revealed the following results. In Fig. 6 is shown the

" -:,. time and height variations of potential temperature,, ,,., and the upperand lbwerbourndaries of the temperature
75,2 -! " inversions. The stippled areas represent the tex'pera-

ture inversions. I he weak inversions between 450 and
S. . . . . .... 600 ft which was described previously but was not
ý, FT clearly discernible in Fig. 5b exists between 0020 and

0110. At about 0100 the upper inversion appears within
"150 FT the heights of the tower and descends rapidly. The rapid

... descent of the top of fie inversion is shown to be adiabatic.
The descent of the base is even more rapid and due to

. 3a rr F __ j. the lO-min averaging process the descent shown in Fig.
2z 2$ 00 0 02 03 05 06 07 0 09 6 can only be inferred. However, the descent of the
/3 MAY 1962 HOURS (CSrJ /4 M /962 base appears to be nonadiabatic. By 0110 the upper

Fie. 4. Time variation of mixing ratio at six levels of the and lower inversions are no longer distinguishable as
Cedar Hill tower irom 2200 CST, 13 May to 1000 CST, 14 May separate but as one inversion. At about 0230 the base
1962. and the top of the newly formed inversion begins to

rise, slowly at first and more rapidly later. The rapid
with height. Due primarily to the warming, the tem- rise of the inversion is also shown to be adiabatic.
perature inversion with its base at 450 ft deepens from
600 ft to 1050 ft by 0130. The mixing-ratio profiles 4. Discusson
(Fig. 5a) show the amount of drying above 750 ft to be
the largest at 1420 ft between 0050 and 0110 and at The Cedar Hill tower data, comprised of temperature
1050 ft between 0110 and 0130. The vertical distribu- and wind observations at twelve levels and humidity
tion of wind speed (Fig. 5c) shows a jet-like profile with observations at six levels, revealed three distinct stages
the height of maxirmim wind speed varying between of significant changes at the upper levels of the tower
900 and 1200 ft during this period, during the dissipation of a low-level jet before sunrise

The next set (Figs. 5d, e and f) represents the pro- on 14 May 1962. The three stages which result in the
files during the period of almost steady mixing ratio, evolution of the vertical profiles of temperature, mixing
temperature, and wind speed at the upper levels. The raMo, and wind speed are: 1) a brief period of an abrupt
profiles of mixing ratio and wind speed (Figs. 5d and f) and simultaneous increase in temperature and decrease
show little variation at all levels. However, the tern- in mixing ratio; 2) a long period of almost no variation
perature profiles (Fig. Se) show continual cooling below of temperature, mixing ratio, and wind speed; and 3)
(XbO ft which results in the intensification of the inver- a period of marked decreases in temperature and wind
sion between 450 and 1050 ft. speed and marked increase in mixing ratio that occur

"I he last set of profiles (Figs. 5g, h and i) presented progressively later with increasing height. The profiles
at 30-min intervals shows the changes in the profiles of temperature and mixing ratio, featureless at first
during the period of major increase of mixing ratio and with the parameters varying only slightly with height,
major decreases of temperature and wind speed. 'the are transformed into profiles that exhibit characteristics
nixing-ratio profiles (Fig. 5g) show the progressive of a subsidence inversion and then revert to another set

increase of mixing ratio from 750 ft and above until the of featureless profiles with the temperature gradually
vertital distribution becomes almost uniform with decreasing with height and the mixing ratio almost
height by 0400. The temperature profiles (Fig. 5h) constant with height.
show cooling at all levels with the greatest amount of 1the sudden and simultaneous warming and drying
cooling occurring at the upper levels between 0330 and during the first stage is explained by the passage of a
0400. This cooling is accompanied by a rapid rise of the transition surface separating cool and moist air from
invt rsion which maintains its intensity of 0.7F per 100 wanr and dry air. I he temperature difference across
ft during the ascent. Below the base of the rising in- the surface describing the transition is only about 2F.
version the lapse rate does not become adiabatic but However, the moisture discontinuity is extremely
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Fic 5, ertical prafile..of mfixine 'atioý tt rnptrature andi -ind *ýj ecf oh-k f xtd t 1h ( td r !1ht La ., riw i' ii

hour- of 14.NMav N62, IDa~hcd line in i'hL.' Fi rtp)rVni (Ir' oi~

Fbarp. wiih a (hange of mnixin~g ratio from 14 Lgm kzg- to 1 oilmi hig the passýage of the surfat e of trai! nitioia thle

S gr Lu-ocu~rnr~n ithin a matter of 40i min at the presence oft uniform md stlb&c alir relt7.-s in the ~n ~
1050oft level as shown in Fi.4. '1 he iaarniinz and odry- llnvarx-ingý temptrature, woisture, ald 'amd ~Ld for

inty tot-jejthzr with the adiabatic descent of the top of the a relativc-ly Ionar peridlof timt dlurnng the mSCiL t

upper intr-simn shown in Figy. 6 uggt st loc a1 subsidcrnce Exampltes of the t~ pe 14f air tnvisionel to Ile rN*Mýntlt

or vertical advection. Ilowever-, the vxtrmely large are illustrated by tile teinperature fie+s and, part-, I.-

decrease in mkiinilg ratio ir. comipariSon 'v'ith thle Small laIrly, the moisture fiels rcvealed from, retlit dI ~c'a-w
tenijxraturc immrease and the nonadiabatic dctscent Pbsurvations imade by low lx ing_ airt raft durhl:. (];Lv*,

0. the base of tile Upper inversion (Fig. 6) stwyi-est that timec. Air, raft obser-vations jIflscrnted L% lBralmao, awl1

the upper-lexel warming and dIrving afnnOt be at- Iiragrinis W1'60) and S;taff Nlumbvrs, NationlS re

tributed -;olcl\v to vertical advection b~ut that horizontal St rmn-s [rojeL t, U. ;. Weatlw r lhureau (16.shoixe.ci

alvecti'ii Iust al6o be (unsidered. For this reason, pronmmECn ed x'avtlike peLrturbatiion.ý ill tht tenqx.pcrture

the Lhantges in tem-peratture and humidity are as rilbed and moisture ikilds. I ata anah ~is presm ritt I bN Ffingeýr

to vertical als wcll its horizontal advection of warm-er (1963") show~l overlappinig tompues of iaitand dr%

and drier air at the upper levels of tile tower. air above a marine !ayer. 'I hiese studies sugg.est that
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advection of air with heterogeneous distributioh of -, o ... "
moisture and of temperature could prodice the changes "I 1-1

in moisture and temperature as observed at the Cedar , i I
lill tower. O I lj

l)uring, the third -tage it is observed that at each E I
level there are simultaneous occurrences of increasing -
mixing ratio and decreasing temperature and wind .,
speed and that thtse changes occur progressively later -
with increase in height. This combined action can be ,
explained by the -upward progression of a turbulent -4 2-

mixing process as the layer of warm anti dry air is " - -" %Pilo
destroyed-or littud-by the mixing proton. The turbulent V-
mixing proceeds upward, slowly at first and more -42 .
rapidly later. Accompanying the upward propagation 40

of vertical mixing is the rise of the temperature inver-
sion which maintains the same intensity. The base and
the top rise adiabatically as shoi i in Fig. 6. The turbi-
lent mixing process is thorough and effective as mani-
fested by the marked and rapid changes that occur
at the upper portions of the temperature, mixing-ratio,
and wind speed profiles (Fig. 5). ,- q"' " &[._

The above sequence of changes in the tenmerature, ",
moisture, and wind speed can be interpreted in terms I / K'Wi
of the Richardson number, Ri, defined by:

gfAT\ 010 01 04

4j-+r) TiME(CST)
T\ Az I FIG. 7. Time variations of the numerator and denominator of

Ri - - ••the Richardson number, mixing ratio, temperature, aud wind
speed at 1050 ft of the Cedar Hill tower during the early morning

-- 9+ auhours of 14 May 1962.
values of the numerator and denominator of Ri ob-where g is the acceleration of gravity, T the tempera- taned for the 1050-ft level are presented in Fig. 7

ture, I' the dry adiabatic lapse rate, z the height, and v together with the changes in the mixing ratio, tempera-
and it the horizontal wind components. The computed ture, and wind speed at 1050 ft between 0020 and 0420.

,,) During the first stage the decrease in mixing ratio and
299 the increase in temperature are accompanied by an

I the small wind gradient. The opposing changes in the

1200-298 tmperature and wind gradients during the first stage and
the almost steady mixing ratio, temperature, and wind

•050 -i 4peed during the second stage suggest a suppression of
turbulence and it is apparent that Ri> 1. On the other
hand, the marked increase in mixing ratio and the

I--_..) " marked decreases in temperature and wind speed during
•75 -/ the third stage suggest an intensification of turbulence
r0- 600 - and it is apparent that Ri <1. Most significantly, the

97marked and simultaneous changes in the parameters

S450 - at the start of the first and third stage occur when Ri= 1.
Thus, at 1050 ft and during the specific period of inter-

300. est, Ri of unity appears to be the critical value for the
increase or decrease of turbulence as was originally

150t' implied by Richardson (1920). Similar conclusions
29 294 ..294 were reathed by Durst (1933) and Flower (1937) using

02 03 continuous traces of wind speed and wind directionas turbulence indicators for layers near the ground.
TIME (CST) 14 MAY t962 As a supplement, the temperature sounding at Fort

lio.. 6. Time and height variations of potential temperature and Worth, the nearest radiosonde station to the Cedar Hill
of the upper and lower boundaries of temperature inversions ob-
served at the Cedar Hill tower during the early morning hours tower, is presented in Fig. 8 together with the tempera.
of 14 May 1962. Shaded are preent temperature inversions, ture profiles obtained from the tower during the rise of
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-- h ",The warming results in the sudden appearance of an
"-0o1o•0 tulper-level inversion that quickly combines with a

_ED-R H -_L TCOVEF weak middle-level inversion to form a single deep in-
version. The base of the upper inversion is found to

0530- '•-5 descend nonadiabatically while the top of the same
MAM inversion descends adiabatically. The subsequent

"- lifting of the combined inversion is shown to be adiabatic.

llorizontal as well as vertical advection is proposed
to be responsible for the upper-level warming and

VP z0drying. Turbulent mixing is proposed to be responsible
-for the pronounced decreases in-temperature and wind

-- - " speed and the pronounced increase in mixing ratio.
Th Advantage--of the-height of theCedar.Hill~towerý

.oo. over other meteorological towers and the advantage of

- continuous nieasurements over balloon soundings are
clearly evident front the observations presented in this

loci \ paper. Whereas the lower levels of the tower show
. - only gradual changes in temperature, humidity, and

wind speed the upper levels show sequences of signifi-
cant changes. The entire sequence of events occurs
before sunrise without the intluence of any large scale
"disturbance, but the changes in the temperature,
nmixing ratio, and wind spete are as sudden and vigorous

S____ sthe changes observed during daytime when convec-
60 62 64 61. tive activities are in progress or during passages of

rEMPERAI TRE IOF) traveling disturbances.

FIG. 8. Fort Worth temperature sounding for 0530 CST and _Icknowlcdgneti:ts. The authors wish to thank Dr.
Cedar Hfill tower temperature profiles foe 0300, 0400, and 0530 Morton L. liarad and Dr. Duane A. -augen for their
CST, 14 May, 1962."M1 suggestions and reading of the original manuscript.
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The time and height variations of temperature, wind speed, and moisture
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